. Findings of several studies have suggested that such eggadapted changes can alter antigenicity and thus may influence immune responses to influenza vaccines in humans [10] [11] [12] [13] . Egg-adapted changes in the HAs of vaccine viruses have been proposed as a factor contributing to low VE against A(H3N2) [14, 15] .
In the current study, we used adult prevaccination and postvaccination serum samples collected from 6 seasons after 2009, and evaluated antibody responses to the CA/09 vaccine component and contemporary 6B and 6B.1 viruses to investigate the impact of immune priming on the reduced antibodies to circulating A(H1N1)pdm09 viruses observed in some populations of adults after vaccination [7] . We used a systematic approach to define A(H1N1) immune priming status based on antibody profiles to historic seasonal A(H1N1) viruses to which individuals were probably exposed earlier in life. Then, within the context of defined A(H1N1) priming of each individual, we evaluated the impact of K163Q and egg-adapted Q223R HA changes on antibody responses to circulating A(H1N1)pdm09 viruses after influenza vaccination. Finally, we explored the postvaccination serum antibody repertoire, using antibody adsorption with priming and circulating viruses.
MATERIAL AND METHODS

Viruses
Influenza viruses were propagated either in eggs or in Madin 
Serum Samples
Prevaccination and 21-28-day postvaccination serum samples from US adults (n = 336) who received inactivated influenza vaccines (IIVs) containing CA/09-like H1 component were collected from 6 seasons after the 2009 A(H1N1) pandemic.
These anonymized serum samples were provided by a contract organization, and their use was exempt from the Centers for Disease Control and Prevention (CDC) human subjects review. Postinfection ferret antisera were generated by intranasal inoculation of a single dose of wild-type viruses [16] .
Hemagglutination Inhibition, Microneutralization, and Antibody
Adsorption Assays
Hemagglutination inhibition (HI) assays were conducted with 4 HA units per 25 μL of virus, using 0.5% turkey erythrocytes, as described elsewhere [17] . Serum samples from low responders were further tested using microneutralization assays [17] to measure neutralizing antibody responses. In addition, a small subset of postvaccination serum samples also underwent antibody adsorption with purified whole viruses to confirm the specificity of antibodies [18, 19] . Details of the assays are described in the Supplementary Material.
Statistical Analyses
Wilcoxon matched paired t tests were used to analyze geometric mean titers (GMTs). Fisher exact test was used to compare the numbers of low responders to A(H1N1)pdm09 viruses. Differences were considered significant at P < .05. GraphPad Prism V5 software (GraphPad Software) was used for statistical analyses.
RESULTS
Reduced Antibody Responses to Circulating A(H1N1) Viruses in a Proportion of Vaccinees After Vaccination
Paired serum samples collected from vaccinated adults (aged 18-49 years; n = 336) in 6 seasons since the 2009 pandemic were first tested using HI assays against the X-179A virus. Samples from 300 individuals (aged 18-49 years; birth year [BY] , 1961-1998; median age, 33 years) with postvaccination HI titer ≥40 to vaccine like viruses were further analyzed (Table 1 and Supplementary Table 1 ). The majority of vaccinees mounted robust antibody responses to X-179A (GMT, 272); 87%-98% had postvaccination HI titers ≥40 to other A(H1N1) pdm09 viruses (Table 1) . However, compared with HI titers to egg-propagated X-179A across the 6 seasons (n = 300), 9% and 12% of vaccinees had ≥4 fold reductions in HI titers to egg-propagated circulating 6B.1 and 6B.2 viruses respectively; 22% and 25% of these individual also had ≥4 fold reductions in HI titers to cell-propagated 6B.1 and 6B.2 viruses, respectively (Table 1) . Furthermore, there was a significant reduction in HI titers to RG-163Q (GMT, 136) compared with titers to RG-163K (GMT, 202) (P < .05) across 6 seasons and in every individual season (P < .05).
The HI GMTs to cell-propagated 6B.1 (GMT, 156) and 6B.2 (GMT, 115) viruses bearing 223Q were significantly lower (P < .05) than those to the corresponding egg-propagated 6B.1 (GMT, 226) and 6B.2 (GMT, 147) viruses bearing a Percentage of seroconversion, defined as ≥4-fold increase from prevaccination to postvaccination titers, where the postvaccination titer is ≥40.
b Low responders defined as those with ≥4-fold reduced postvaccination HI antibody titers to the corresponding virus compared with X-179A. the egg-adapted Q223R change ( Table 1 ). The only difference between the egg-and corresponding cell-propagated 6B.1 and 6B.2 viruses is the Q223R change (Supplementary Table 2 ). These results suggest that although IIV induced robust HI antibodies to the vaccine, 163K and 223R epitopes in the HA of the vaccine virus contributed to reduced antibody responses to circulating viruses (163Q, 223Q) in some adults. USSR/77 640 320 160 < < < < < < < < < < < ENG/80 320 640 160 < < < < < < < < < < < CHI/83 40 160 80 < < < < < < < < < < < TW/86 < 10 40 320 320 20 < < < < < < < < TX/91 < < 10 320 160 40 20 < < < < < < < BAY/95 < < < 320 320 40 20 In contrast, 154 individuals (BY, 1965 (BY, -1996 MBY, 1985) showed uniformly similar HI titers to TW/86, TX/91, and BAY/95 viruses (GMT, 190-210) after vaccination. Postvaccination titers to these 3 viruses were significantly higher (≥4-fold) than titers to the other 7 sH1N1 viruses (P < .01) ( Figure 1B and Supplementary Figure 1) . The majority of this cohort showed undetectable HI titers to the 3 USSR/77-like viruses. Based on the responses with human serum samples ( Figure 1B ), ferret antisera (Table 2) , and epidemic periods of these viruses (1986-2001; Supplementary Figure 1) , TW/86, TX/91, and BAY/95 viruses were designated as TW/86-like virus group. These 154 individuals were probably first exposed to TW/86-like viruses and thus designated as the TW/86-primed cohort ( Figure 2B ).
Finally, after IIV vaccination, 15 individuals (BY, 1972-1998; MBY, 1994; 13 were born in 1990-1998) mounted the highest responses (HI titers, ≥40) to NC/99 virus (GMT, 88) or similar titers (≤2 fold differences) to SI/06, BJ/95, and BR/07 viruses which all contain a deletion at position 130 on the HA (Supplemental Figure 1) , significantly higher (≥4 fold) than titers to TW/86-group viruses (P < .01). None showed detectable HI titers to USSR/77-like viruses. This cohort was probably first exposed to NC/99-like viruses after birth and thus designated as the NC/99-primed cohort ( Figure 2B ). Interestingly, significantly reduced GMTs to 6B.1 and 6B.2 viruses compared with those against X-179A, and significantly reduced GMTs to RG-K163Q and RG-D127T viruses compared with those against RG-K163, were noted only among the USSR-primed cohort (Figure 1 Comparing HI titers to X-179A and titers to egg-and cell-propagated circulating 6B.1 and 6B.2 viruses after vaccination, we Pre-and postvaccination HI titers were compared for each of the testing viruses, with asterisks denoting significant increases (P < .01). Postvaccination HI titers were also compared between the A(H1N1)pdm09 viruses ( †P < .05; ‡P < .01). CI, confidence interval.
identified 3 groups of low responders: (1) individuals who mounted 163K-specific responses (defined as a ≥4-fold reduction in HI titers to RG-K163Q vs RG-163K virus); (2) those who had 223R-specific antibodies targeting the egg-adapted Q223R change (defined as ≥4-fold reduction in titers to cell-propagated 6B.1 and 6B.2 viruses compared with the corresponding egg-propagated viruses); and (3) those with both 163K+223R-specific antibodies (demonstrating both 1 and 2). Proportions of the low responders among the 3 priming cohorts (total N = 281) were analyzed for all 6 seasons ( Figure 2A) . A total of 54 low responders were identified, of whom 25 showed 223R-specific, 25 showed 163K-specific, and 4 showed 163K+223R-specific HI antibodies. Figure 2B illustrates the age and priming pattern distribution of the low responders among all 281 individuals analyzed. 223R-specific HI antibodies were detected in 7%, 10%, and 13% of the USSR/77-, TW/86-and NC/99-primed cohorts, respectively. In contrast, 163K-specific HI antibodies were detected only in the USSR/77-primed cohort (22% targeting 163K-specific epitope only and 4% recognizing epitopes involving both 163K+223R). Among the 54 low responders, 27 had HI titers to MI/15c virus (representing circulating viruses) below the protective threshold of 40, accounting for approximately 10% of the total cohorts ( Figure 2C ).
Significantly reduced HI titers to viruses with HA 163Q (n = 29) or 223Q (n = 25) epitopes after vaccination were also confirmed by reactivity of neutralizing antibodies (Figure 3 ). It is noteworthy that ferret antisera to A(H1N1)pdm09 viruses failed to detect antigenic changes caused by either K163Q or Q223R substitution (Table 2) .
We then tested 163K-specific postvaccination human serum pools from 3 seasons with additional A(H1N1)pdm09 viruses circulated since 2009 from genetic groups 5, 6A, 6C, and 7 (163K) and additional 6B.1 and 6B.2 viruses (163Q). Human serum sample pools containing 163K-specific antibodies all had reduced antibody responses to 6B.1 and 6B.2 viruses (≥8 fold reduction compared with responses to egg-and cell-propagated CA/09), but not to the other A(H1N1)pdm09 genetic groups. These antigenic differences were not recognized by ferret antiserum to CA/09 (Table 3) . Figure 2B) , indicating responses to shared dominant epitopes on these viruses. USSR/77-primed cohorts were probably imprinted with 163K-specific epitopes from first infection with a USSR/77-like virus (Supplementary Figure 2) . In contrast, reduced titers and lower seroconversions were observed to both 1986-2009 sH1N1 (Supplementary Figure 2B) and RG-D127T viruses ( Figure 3A and 3B ). This is consistent with a previous study, which proposed that although 163K was also present in 1986-2009 sH1N1 viruses, glycosylation at position 125 could conformationally shield 163 and render 163K epitope less dominant when primed by these viruses [4] . It is noteworthy that the antibody response was very poor (HI titers, ≤20) to MI/15c (163Q) in 62% of USSR/77-primed individuals (18 of 29) ( Supplementary Figure 2A) , indicating that antibodies targeting 163K dominate in these persons. These data provide further immune basis for the age-specific low VE to A(H1N1) viruses observed in middle-aged adults [7, 8] . Finally, we explored the antibody repertoire in USSR/77-primed low responders using antibody adsorption techniques. Corresponding to the lower HI titers detected against 163Q viruses ( Figure 4A ), adsorption results for 3 representative USSR/77-primed individuals clearly illustrated that 2-way cross-reactivity was specifically observed between the USSR/77-group viruses (163K) and X-179A/RG-163K virus but not with MI/15e (163Q) and RG-K163Q viruses ( Figure 4B ), supporting the antigenic basis of shared 163K epitope. In addition, for 2 individuals ( Figure 4A ; I-2 and I-3) with undetectable or low titers to 223Q virus (MI/15c), serum adsorption with 223Q virus did not significantly reduce titers to X-179A and MI/15e (223R; Figure 4B ; I-2 and I-3), confirming 223R specificity. In 1 individual (Figure 4 ; I-3), antibody to MI/15c was removed by adsorption with multiple viruses, suggesting the presence of cross-reactive antibodies that are not targeting 163 and 223 epitopes.
DISCUSSION
Our study aimed to identify the immune basis of the low antibody responses to circulating A(H1N1)pdm09 viruses observed in a proportion of adults after IIV vaccination containing a CA/09-like A(H1N1)pdm09 component, and to further explore how immune priming shapes antibody responses to vaccination. Although IIV induced robust HI antibody responses to the vaccine virus X-179A in our study cohorts, >20% of the individuals had reduced antibodies to cell-propagated 6B.1 and 6B.2 viruses (Table 1 ). Our study suggests that the low responses to circulating A(H1N1)pdm09 viruses in these adults after vaccination were primarily driven by dominant antibody responses to the 163K-specific epitope and/or to the 223R-specific egg adaptation present in the vaccine virus but absent in the contemporary circulating viruses.
Furthermore, we showed that reduced responses to 163Q on 6B.1, 6B.2 viruses were detected only among older adults who were primed with USSR/77-like viruses. This is consistent with the lower VE observed in similar age cohorts (22%-25%) during the 2015-2016 season when 6B.1 A(H1N1)pdm09 viruses (163Q) predominated [7, 8] . In contrast, ferret antisera used in influenza virological surveillance failed to identify the antigenic difference in these viruses. Indeed, our analyses using human serum samples provided evidence to support the World Health Organization recommendation to update the A(H1N1) vaccine component to a subclade 6B.1 virus (A/Michigan/45/2015-like, 163Q) for the 2017 southern hemisphere [23] and 2017-2018 northern hemisphere seasons [24] . These results underscore the value of human serology in influenza surveillance and the vaccine virus selection process. With the analysis of antibody profiles to a large panel of A(H1N1) viruses, we were able to construct 3 age-specific priming patterns based on responses to sH1N1 viruses the individual may have been exposed to earlier in life. This is consistent with the concept termed "original antigenic sin" (OAS), which was first described in the 1950s [25] [26] [27] . In addition to stimulating antibody responses to the vaccine virus, our results demonstrated that IIV also induced antibodies to historical sH1N1 viruses, with a significant boost to the sH1N1 virus the individual was probably first infected with in childhood (Figure 1 ). This effect was more pronounced among the 2 older cohorts in our study (TW/86-primed and USSR/77-primed). Similar patterns were also observed with the A(H3N2) antibody landscape study [28] . It is evident from our study that OAS can exist without significantly compromising the antibody response to the contemporary vaccine virus, a point recently readdressed [29] . It is also noteworthy that our study does not include elderly persons who could have been exposed to seasonal H1N1 viruses circulated before 1957 and does not include children; both warrant further investigation.
Linderman et al [4] first described the lower response to K163Q among a small number of adults born between 1965 and 1979. Our study used a systematic analysis to characterize the sH1N1 virus priming history of individuals and further demonstrated that the reduced vaccine antibody responses to viruses bearing 163Q were detected only in a subset of individuals (29 of 112; 22%) that were primed with USSR/77-like viruses. Memory B cells targeting the HA 163K epitope may be first imprinted in these individuals through infection with USSR/77-like viruses, and then preferentially enriched on repeated exposures to viruses also bearing 163K later in life [1] . The vast majority of the individuals showing 163K specificity in our study seroconverted simultaneously to both X-179A and USSR/77-group viruses, suggesting that shared HA epitopes is fundamental for the OAS effect. This is in line with the findings by Li et al [21] that demonstrated the sH1N1 imprinting effect was due to a shared epitope near the RBS.
Nine percent of our study cohorts (25 of 281) mounted antibodies specific to 223R, an egg-adapted mutation located near the RBS of the vaccine virus, indicating that egg-adapted changes in the HA can be a target of human antibody responses to vaccination with egg-based vaccines [11] [12] [13] . In a recent study, somatic hypermutation analysis of the 223R-specific c Postvaccination human serum sample pools were prepared using serum samples from middle-aged adults vaccinated in the corresponding seasons, in order to have sufficient volume to test with a boarder set of viruses: pools 1 (n = 2), 2 (n = 2), and 3 (n = 3) were from those with ≥8 fold reduced hemagglutination inhibition (HI) antibody titers to RG-K163Q compared with titers to RG-K163 virus. Pool 4 (n = 2) was from those with similar HI antibody titers to RG-K163Q virus and RG-K163 virus.
d Reaction to the homologous virus.
antibodies indicated a recalled response, suggesting a history of vaccination with a previous egg-adapted vaccine virus or A(H1N1) virus infection [10] . Our study identified low responders to 223Q A(H1N1)pdm09 viruses among all 3 birth cohorts. It remains unclear whether immune priming also influences responses to 223Q. The observation that the antigenic change caused by Q223R substitution was detected only by human immune serum samples and not by ferret antisera again highlights the need to use human serology to improve antigenic characterization of influenza viruses. Our study also provided further insight into the diversity of the immunologic responses to vaccination, even in low responders. Using adsorption techniques [18, 19] , we identified serum antibody repertoires that included 163K-specific, 223R-specific, and cross-reactive antibodies targeting shared HA epitopes in the USSR/77-primed individuals with low responses to contemporary cell-propagated 6B.1 viruses. Our findings not only confirmed the association of the 163K epitope with USSR/77 priming but also suggested that the influenza vaccination induces polyclonal antibody responses comprising antibodies specific for the respective epitopes. The diverse serum antibody responses detected in this study are consistent with those of other studies conducted at molecular level [1, 30] .
Finally, this study provided a plausible immune basis to the birth cohort effects reported from VE observational studies [7, 8] , bridging the gap between the birth cohort and immune priming. The majority of our study cohort that was born before the reemergence of sH1N1 in 1977, during the period when only H2N2 (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) or H3N2 (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) viruses circulated demonstrated a USSR/77 priming pattern. Furthermore, our detailed analysis of the antibody profiles to historic sH1N1 viruses in 281 individuals revealed that BY alone may not be sufficient to define priming ( Figure 2B ). Overlapping priming patterns during periods of antigenic transitions were detected, probably due in part to longer intervals between birth and the first A(H1N1) infection in some individuals. In a few instances, the priming virus defined by antibody profiles for a small number of individuals emerged >20 years after their birth ( Figure 2B ). Both OAS-oriented (163K) responses and egg-adapted epitopes (Q223R) on vaccine virus could contribute to suboptimal VE in a specific population. An improved VE to A(H1N1)pdm09 virus was observed during the 2017-2018 season (67%) in the United States compared with the 2015-2016 season (47%) after the A(H1N1) pdm09 component in the vaccines was updated to a 6B.1 virus [7, 31] . This study also demonstrated that egg adaptation in A(H1N1)pdm09 vaccine virus can be a target for human antibody responses, which still remains a challenge for influenza vaccines. Continued efforts are needed to improve our understanding of the fine specificity of the immune response to influenza virus infection and vaccination, and ultimately to develop vaccines that can offer broader and longer-lasting immunity.
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